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Hanjra
COOLING WITH FANS IN HOT AND
HUMID WORKING ENVIRONMENTS
Abstract
In hot and humid working conditions where it is economi-
cally not feasible to control the environmental temperature
by air conditioning, fan cooling can be used. The
air velocity required to maximize heat dissipation was deter-
mined analytically and experimentally. Air from a fan was
directed on the subjects from the side. Air velocities used
were 0.13, 0.^, 0.8, 1.6 and 3*2 m/s with the dry bulb temper-
ature at 32 C, wet bulb temperature of 2^.5 C, and $5 % rh.
The mean radiant temperature was the same as dry bulb temper-
ature; vapor pressure was 19 mm Hg. Two standing subjects
worked continuously for 120 minutes, pedaling with their hands
an ergometer placed on a table; it maintained their total meta-
bolism at 190 W. Skin and rectal temperatures, heart rate,
sweat rates, comfort votes and thermal sensations were record-
ed. Air velocity had no effect on the work output in 120
minutes by the two subjects. Higher air velocities of 1.6 and
3-2 m/s maintained lower skin temperatures, lower rectal tem-
peratures and heart rates, the subjects sweated less and con-
sidered it "cooler" and more "pleasant."
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INTRODUCTION
There are situations where it is not economical to cool
a work environment by air conditioning. Yet, if a worker is
to maintain thermo -neutrality , minimize heat gain or, at the
very least, be able to work a reasonable time period before
the allowable heat storage is achieved, protective measures
must be taken. One feasible alternative is to cool the man
with a fan.
Cooling is achieved primarily by evaporation of sweat.
Evaporation of sweat can be limited by the man or by the envi-
ronment. Evaporation is usually environmentally limited due
to the lack of air movement. This is remedied by increasing
air velocity. The cheapest way to increase velocity is to use
a fan with the fan air directed on the worker. The question
is how much air flow is required to maximize the heat dissi-
pation.
Human Heat Transfer ; The man exchanges heat with his
environment by radiation, convection and evaporation. Conduc-
tive heat transfer is negligible unless a large porportion of
the body surface is in contact with solid material at a temper-
ature very different from skin temperature. In a given envi-
ronment, radiant heat transfer is fixed if skin temperature
and body posture are fixed. But evaporative heat transfer is
not fixed. The amount of water on the skin surface depends on
the sweat rate, and sweat rate is controlled by body tempera-
ture. Thus, in response to heat stress, more sweat is pro-
duced. Evaporative heat transfer is then maximum for that
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environment. Evaporative heat transfer is a function of envi-
ronmental parameters and skin temperature only (Mitchell and
Whillier, 1971).
Evaporation is "by far the most powerful avenue of body
cooling so that "body cooling in hot environments will be maxi-
mum when evaporation is maximum. Maximum cooling power (Q )
IT13.X
for any particular environment is:
Q = Radiant cooling + Convective cooling + Maximum
evaporative cooling.
Konz (1978) stated that sweating to remove heat is not
considered "comfortable."
Fanger (1973) reported that during comfort:
T
skin = 35 ' 7 " °' 276 M
and E
sweat = 0.42 (M - 58)
where: T ,. = mean skin temperature
p
M = metabolic rate, W/m
p
E . = evaporative sweating rate, W/m
sweat c ° '
Air Velocity : Mitchell and Whillier (1971) showed that
raising air velocity beyond 2 m/s had little effect on evapora-
tion on nude men. However, achieving 2 m/s at the skin is
difficult as air velocity drops off very rapidly with depar-
ture from the fan's axis and rapidly even along the fan's axis
(Konz, 1977). To be useful a fan must be pointed directly at
a worker and be close. Clothing, since it reduces air velocity
next to the skin, hinders evaporation as well as convection.
In addition, evaporation from clothing instead of the skin
gives a cooling to the person as low as 250 kcal/kg instead of
480 kcal/kg (Konz, 1977).
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Evaporation can be increased also by decreasing water
vapor pressure in the air. But this dehumidifi cation process
is expensive and not economically feasible in all industries.
Heat Stress and Skin Temperature ; An individual is able
to reach thermal equilibrium with the environment if the rate
at which he or she rejects heat to the environment is equal
to the rate of metabolic production of heat. The rate of
metabolic production of heat, in turn, is equal to the rate of
energy consumption, which is determined by the oxygen consump-
tion, less whatever energy leaves the body in the form of
external work. The criterion for thermal equilibrium is
therefore that maximum cooling power should exceed, or at least
equal
.
If skin temperature rises because of failure of the body
to attain equilibrium in hot environments, the circulation of
blood between muscle and skin is increased, if possible, to
minimize the core temperature rise. Increasing the blood cir-
culation results in increasing circulatory strain, which
usually manifests itself as a high heart rate. Thus increases
in skin temperature in the heat are associated with increases
in core temperature, or in circulatory strain, or both. The
higher the work rate, the greater the amount of heat required
to be transported between core and periphery, and therefore,
the greater the disadvantage of a high skin temperature. It
therefore is beneficial to the worker to keep his skin temper-
ature as low as possible.
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Acclimatization : Acclimatized individuals working in
thermal equilibrium in the heat seem to maintain their skin
temperatures at or "below about 35 C irrespective of air tem-
perature, humidity, wind speed or work rate (Mitchell, Wynd-
ham and Hemp, 1971). It should be noted that acclimatized
men are able to sweat considerably more than those who are
unacclimatized.
It is impossible for any individual to sweat at a rate
which exceeds their maximum sweating limit. Beyond this
limit, heat storage begins.
Small Individuals ; For individuals doing the same work,
those with small body surface areas have a higher metabolic
heat production per unit area. Thus they require a higher
rate of cooling. Low surface area probably contributes largely
to the poor performance of small individuals working in heat.
Human Thermoregulation : Figure 1 depicts the human ther-
moregulatory system as a closed loop system. This model was
introduced by Stolwijk and Hardy in 1966. In this figure the
feedback control system is divided into a regulated system and
the regulating system (regulator). The regulated system (body
heat capacitance) can be subjected to a disturbance from envi-
ronmental heat or cold or metabolic heat. The disturbance
causes a change in the controlled variable which is measured
Hanjra
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by thermal receptors. This information, the feedback, is com-
pared with reference information. The difference between the
feedback and the reference, termed the error, is a measure of
the effect of the disturbance on the controlled variable. The
error activates a control center which provides a control
action in such a way as to oppose the effect of disturbance.
In thermoregulation, the control actions are means of modify-
ing heat loss, heat production, or heat conservation by sweat-
ing, shivering or vasomotor activity.
The key equation is the heat balance equation.
S = M - (± W) + (±R) + (± C) + (± E) + (± K)
where
:
S = heat storage rate, Watts
M = metabolic rate, Watts
W = mechanical work accomplished rate,' Watts
(walk up steps = +; down = -)
R = radiation rate, Watts (gain = + ; loss = -)
C = convection rate, Watts (gain = +; less = -)
E = evaporation rate, Watts (gain = +; loss = -)
K = conduction rate, Watts (gain = +; loss = -)
A hypothetical subject has the following characteristics:
Age: Zk years
Sex: Male
Weight: 65 kg
Height: 170 cm
I
c
-,
: Insulation value of clothing, clo
= O.55 for subject wearing pants, shirt, socks, and
shoes and wearing gloves
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Total metabolism = 190 Watts
He works for 2 hours in the following environment:
Mean radiant temperature of environment = MRT = 32 C,
dry "bulb temperature = DBT = 32 C, and relative humidity =
rh = 55 f<>> The following temperatures were assumed:
core temperature of body = 37-2 C and skin temperature = 36 C.
Human body heat storage .rate can be calculated from either
the' equation above or from the following equation.
S = 1.15 m Cp (MBTf - MBTi )/t
where S = storage , watts
m = mass of body, kg
C = 0.83, specific heat of body
MBT^ = final mean body temperature, C
= 0.33 (skin temp f ) + O.67 (core temp~)
= 0.33 ( 36.0 ) + 0.67 ( 37.2 )
= 36.8
MBT. = initial mean body temperature, C
= O.33 (skin temp. ) + O.67 (core temp.
)
= O.33 ( 32 ) + O.67 ( 37.2 )
= 35.5
t = time , hours
= 2 hours
Substituting:
S = 1.15 x 65 x O.83 (36.8 - 36.5)/2
= ^0 Watts
Hence, with the assumptions made, the heat storage rate
is 4-0 Watts.
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The National Institute of Occupational Safety and Health
says that heat storage must "be kept so that maximum core tem-
perature does not exceed 38 C.
Radiation ; Radiant heat transfer is:
R = a A f
eff fclr Fpcl e (T^ - T^)
R = radiant gain ( + ) or loss (-), Watts
5.67 x 1
constant
a = ? 0 8 Watts/(m2 - K^) = Stefan - Boltzman
2A = skin surface area, M
= 0.208 + 0.945 (DBSA)*
2DBSA = DuBois surface area, m
= 0.007184 (HT) 0,725 (WT) '^25
HT = height, in cm = 170 cm
WT = weight = 65 kg
DBSA = 0.007184 (170) * 725 (65) 0,425
= 1.7536 m2
A = 0.208 + O.945 (1.7536)
= 1.865 m2
i"eff = effective radiation factor = O.725 (for standing)
(Fanger et_al. , 1970)
f
cl = increase in area due to clothing
I
clo = insulation value of clothing, clo
= O.55 for subject wearing pants, shirt,
socks and shoes and working gloves
f
clr
= 1 + ' 15 (0 ' 55)
= 1.0825
*Correcting for inaccuracies in the DuBois prediction
(Mitchell et al
. , 1971).
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F
r>cl
= decrease in evaporative efficiency for permeable
clothing = 1/(1 + 0.143 (2.9) Iclo) where 2.9 W/
(nr - C) is he in still air (0.15 m/s) for a
sedentary person
e = emissitivity (skin = 0.99; clothing in nonvisible
radiation = 0.7)
T
skin
= temP era
"
ture of skin, K = C = 273
= 35 C, K = 35 + 273 = 308
T
mrt
= mean radiant temperature of environment, K = C + 273
= 32 C, K '= 32 + 273 = 305
Substituting values, we have:
R
=
^-f
2 x 1 ' 865 x °' 725 x 1-0825 x 0.814 x 0.7 (305^ -
308^)
= 16 Watts
Convection
: Convective heat transfer (Konz, 1977) is:
C
" hc A fclr Fpcl (*«±r " *skin>
C = convection gain (+) or loss (-), Watts
h
c
= convective heat transfer coefficient, Watts/(m2
-C)
=4.2 W/(m2 -C) for still air
But, for moving air:
h
c
= KjV ' 6
where K-j_ = 8.6 for standing nude adults
V = air velocity, m/s
h
c
= 8.6 x V ' 6
A = skin surface area = I.865 m2
f
clr = 1.0825
F
t) Ci
= decrease in evaporative efficiency for permeablee clothing
"t
air = air temperature = 32 C
^kin* 35 C
C = 4.2 x I.865 x 1.0825 x 0.814 (32 - 35) = -25.44
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so, C = hQ x I.865 x 1.0825 x 0.814 (32 - 35)
The above equation shows that convective heat transfer
is directly proportional to the air velocity. The following
values for convective heat transfer are obtained.
V, m/s 0.2 0.1+ 0.8 1.6 3.2
(y)
0.6 O.38 O.58 • O.87 1-33 2.00
h
c
3.85 5-44 7.69 10.88 15.38
C, Watts 19 27 37 54 76
Evaporation: Evaporation heat transfer is:
E = h A W F , (VP
e pel a - vp s )
where
S = evaporative gain ( + ) or loss (-), Watts
h
e
= evaporative heat transfer coefficient = 2.2
A = skin surface area, m
W = fraction of skin that is wet
F
-,
= decrease in evaporative efficiency for permeablepcx
clothing
I
clo = insulation value of clothing, clo
VP
s
= vapor pressure of water on skin, mm Hg
= ^3 mm Hg, for 35 C skin temperature at 100 % rh
VP
a
= vapor pressure of water in air, mm Hg
= 19 mm Hg, for 32 C DBT at 55 % rh
Substituting, we have
E = 2.2 h
c
x 1.865 x W x 0.814 (19 - 43)
V, m/s 0.2 0.4 0.8 1.6 3.2
\ 3.85 5.44 7.69- 10.88 15.38
E, Watts (308)W (436)W (6l6)W (872)W (1233)W
E
max 3
°8 ^6 616 872 1233
(W=l)
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Conduction ; Conductive heat transfer is negligible in
the case of a worker in a factory as his body is not in con-
tact with any solid, material which is at a temperature very
different from the skin temperature. Hence conduction is not
considered in this paper.
Theoretical Analysis of Effect of Air Velocity ; Consider
a hypothetical subject with a weight of 65 kg and height of
2170 cm with a skin surface area of 1.86 m . Figure 2 shows
that while the heat loss due to radiation is constant, con-
vection and evaporation rise linearly as air velocity increases.
As metabolic rate increases a greater amount of heat is
required to be removed by evaporation. Figure 3 shows that
for the specified atmospheric conditions, a greater air
velocity is required to achieve thermal equilibrium.
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METHOD
Task
The experiments were conducted in an environmental cham-
ber of the Institute for Environmental Research at Kansas
State University. The task first was performed under "control-
conditions" where DBT of 25 C, WBT 18. 5 C and 55 % rh were
maintained, conforming to the ASHRAE standard comfort zone for
seated sedentary work. The standing, arm-pedalling task was
performed in still air (0.13 m/s).
This was used as a reference point to compare the data
obtained under experimental heat stress conditions, in which
the environmental chamber was maintained at 32 C DBT and 2k.
5
C WBT with relative humidity at 55 fi. The mean radiant tem-
perature was the same as the dry bulb temperature. Air veloc-
ity was "still air" (0.13 m/s), 0.4, 0.8, 1.6 and 3.2 m/s.
The subject wore light cotton underwear, socks and shoes, pants,
half sleeves shirt and cotton working gloves (estimated clo =
O.55). The standing subject pedalled an erogometer, placed
on a table, with his hands, at 50 rev/min at 0.5 kg load to
maintain a metabolic rate of 190 W while working. See Figure
k. There were no scheduled rest periods during the 120 minute
test period. However, the subjects rested when they desired.
The distance pedalled, recorded on the tachometer, was a
direct measure of work done.
Subjects
Two male subjects were paid $3.00 for every 3 000 revo-
lutions pedalled. The subjects had their physical fitness
Hanjra 16
Table
FIGURE k. DRAWING OF BICYCLE ERGOMETER
A. Tension on flywheel was adjusted to maintain the hang-
ing pendulum steady at 0.5 kg load, as shown on the semi-
circular scale, while pedalling at a speed of 20 km/hr.
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tests taken prior to the experiment at the Institute for Envi-
ronmental Research. Physical characteristics of the subjects
are listed in Table 1.
Measurements, Procedure and Experimental Design
Air Velocity : Air from a propellor fan was directed from
the left side of the subject. Wind speed was measured at five
points distributed over a square of 30 cm x 30 cm at the head
of the subject. A model 60 Anemo therm anemometer was used
to measure air velocity. Air velocity used was "still air"
(0.13 m/s), 0.4 m/s, 0.8 m/s , 1.6 m/s and 3.2 m/s. The
sequence of air velocities used for the experiment is in Appen-
dix III.
Skin Temperature : Skin temperature was measured by means
of eight temperature thermisters (four 400 series and four 700
series). Each thermister was held in position by taping it
securely on the skin with Micropore paper tape. The sites of
the thermocouples are shown in Figure 5* The thermisters were
connected to three Digitec temperature recorders.
Comfort Votes : Four ballots were used to obtain the
dependent measures. See Appendix IV. The first was the
thermal sensation ballot which on a listing of numbers from
1 to 7 described cold to hot sensations. The second ballot,
which was designed to measure the subjects' responses to the
air movement, consisted of a seven-point adjective rating.
The third, designed to measure the responses of the subjects
to sound, also consisted of a seven point rating. The fourth
Han j ra 18
TABLE 1. PHYSICAL CHARACTERISTICS OF SUBJECTS
Characteristic Subject 1 Subject 2
Sex
Age, yr
Height, cm
Weight, kg
Percentage body fat*
Lean body weight, kg
Cardiovascular fitness**
2DuBois surface area, m
Male Male
23 21
183.0 167.6
89.^0 74.27
13.8 5-0
77.0 70.6
Fair Good
2.21 1.9^
""^ males
'
'body^sity " 4 - lit2) 10°
where
,
Body density = (1.1017 - ((arm skinfold x 0.000883) +
(chest skinfold x O.OOO736) + (umb. skinfold x 0.000282)))
**Based on a maximum oxygen consumption of 39.4 ml/kg
min for subject 1 and 46.7 ml/kg min for subject 2. This
was estimated from heart rate for both subjects of 120 b/
min, pedalling 5 min with a 7>5 kpm load.
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Upper
right
arm
FIGURE 5. LOCATION OF TEMPERATURE THERMISTORS
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was Borg's perceived exertion vote (Borg, 1962) which contained
a listing of numbers and adjectives describing perceived exer-
tion.
Heart Rate : Heart rate was measured with a stethoscope
for 30 seconds. The subject stood without pedalling during
the 3° seconds the reading was taken.
Weight : Weight of the subjects was taken with the cloth-
ing and without, both before and after the experiment.
Practice Periods : Four days before commencing the experi-
mental study, both subjects underwent four practice sessions
pedalling the ergometer for twenty minutes each day. This
was to tone up the arm muscles for this particular activity.
Procedure : The subject was weighed with his clothes on
and the clothing weighed separately, both before and after the
experiment. The thermistors were attached in the environmen-
tal chamber. About 10 minutes after entering the chamber the
initial physiological data and votes were recorded. The sub-
ject then commenced pedalling, maintaining the tachometer
speed at 20 km/hr. The sound level in the chamber was measured
by a sound level meter. Music was played over the radio.
Physiological data was recorded every 10 minutes for 120
minutes on a data sheet. See Appendix VI. The subject
recorded his thermal and comfort sensations, his exertion vote,
his noise vote and air velocity vote every 30 minutes. How-
ever, during the last 20 minutes of the experiment, the air
was directed from ^5° from the back for 10 minutes and votes
were recorded and then the fan was moved V>° to the front and
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after 10 minutes votes were recorded. This was done to deter-
mine the preference of the subjects to the direction of air.
This movement of the fan from the side to the front or back
also was randomized.
The subject was not given any scheduled rest but could
take a rest whenever he desired. However, he was not allowed
to sit down during the rest. The amount of cycling performed
was recorded from the tachometer. The distance pedalled was
a direct measurement of work done. The subject was not
allowed to eat or drink during the test period.
Hanjra 22
RESULTS
Analysis and Discussion
An analysis of variance was performed on the data obtained
with the aid of a computer program called "AARDVARK." The
analysis of variance model is given by:
OBSV = S (I) + C (J) + T (K) + SC (IJ) + ST (IK) + CT (JK)
+ E (IJK).
where
,
S = subjects, 1=2
C = conditions, J = 6
T = times, K = 13
This analysis of variance was carried out for 13 sets of
data:
1. Neck temperature
2. Chest temperature
3. Back temperature
k. Left arm temperature
5. Right arm temperature
6. Rectal temperature
7. Right leg temperature
8. Left leg temperature
9. Heart rate
10. Noise vote
11. Air movement vote
12. Thermal sensation vote
13. Exertion vote.
All F ratios are shown in Tables 2-5.
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TABLE 5- ANALYSIS OF VARIANCE OF HEART RATE
*a<0.05
**a<0.01
Sources of
variation d.f
.
Heart rate
Mean
square F
Subjects 1 17715.9 4-08.5**
Conditions 5 866.6 19.9**
Times k IO96.7 25.3**
(Subject) (condition) 5 35^-5 8,2**
(Subject) (time) 4 138.6 3.2*
( Condition ) ( time
)
20 55.1 1.3
Error 20 ^3-3
Total 59
Hanjra 27
Neck Temperature : Subjects, conditions and times were
significant, as well as the subjects by conditions interaction.
In the following figures, the mean values for the experiment
are plotted, that is, the effect of time is ignored. Figure
6 shows the surprising result that neck temperature at low
air velocities of 0.4 m/s and 0.8 m/s rises from that at the
"still air" condition. Higher air velocities of 1.6 m/s and
3.2 m/s drive the temperature down.
Chest Temperature ; Subjects and conditions were signifi-
cant as well as the subjects by conditions and conditions by
times interactions. Figure 7 shows us that chest temperature
is lowest at "still air" condition. A low air velocity of
.0.4 m/s increases the temperature. A high air velocity of
3-2 m/s again brings the temperature down.
Back Temperature ; Subjects, conditions and times were
significant, as well as the subjects by conditions interac-
tion. Figure 8 shows that back temperature rises at a low
air velocity of 0.4 m/s from "still air" (0.13 m/s) condition.
The temperature is lower whe the task is performed at higher
air velocities.
Left Arm Temperature ; Subjects, conditions and times
were significant, as well as the subjects by conditions inter-
action. Figure 9 shows that the left arm temperature is higher
at "still air" or at a low air velocity of 0.4 m/s. Higher
air velocities tend to lower the temperature.
Right Arm Temperature ; Subjects, conditions and times
were significant, as well as the subjects by conditions inter-
action. Figure 10 shows that higher air velocities of 1.6 m/s
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and 3-2 m/s result in lower right arm temperatures. As air
was directed from the left side of the subject, the right arm,
unlike the left arm, did not get direct air from the fan. Left
and right arm temperatures did not differ significantly. Low
air velocities (still air, 0.4 m/s and 0.8 m/s) result in
higher temperatures.
Left Leg Temperature : Subjects and conditions were sig-
nificant as well as the subjects by conditions interaction.
Figure 11 shows the variations of left leg temperatures with
respect to air velocities. As the subjects wore pants, no
direct air from the fan reached the legs. The different leg
temperatures were responses to the air being directed on the
upper half of the body. Air velocities of 0.8 m/s and 1.6
m/s resulted in lower temperatures as compared to "still air"
or 0.4 m/s or 3.2 m/s.
Right Leg Temperatures
. Subjects and conditions were sig-
nificant as well as the subjects by conditions interaction.
Figure 12 shows no conclusive relationship between air velocity
and right leg temperatures. However, high air velocity of 3.2
m/s tends to reduce the temperature. The right leg was signif-
icantly higher than left leg temperature.
Rectal Temperature : Subjects, conditions and times were
significant, as well as the subject by condition interactions.
Figure 13 shows that low air velocities of 0.4 m/s and 0.8 m/s
tend to result in higher rectal temperatures. Higher air veloc-
ities of 1.6 m/s and 3.2 m/s drive down rectal temperature.
Heart Rate: Subjects, conditions and times were signifi-
cant as well as the subject by condition and subject by time
interactions. Figure 14 shows that higher air velocities of
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1.6 m/s and 3-2 m/s result in lower heart rates. This is in
keeping with the earlier results of skin temperatures. Higher
skin temperatures at lower air velocities result in a higher
heart rate, as the heart beats faster to transfer the heat from
the muscular layer of the body to the environment.
Exertion Vote : Subjects and times were significantly
different. Figure 15 shows surprising results again. Sub-
jects recorded a lower exertion vote at "still air" conditions
as compared to air being blown on them. However, they felt
that they were exerting a higher exertion at lower air veloc-
ities of 0.^ m/s and 0.8 m/s. They registered lower exertion
votes at higher air velocities of 1.6 m/s and 3«2 m/s. Note
that even though the task remains the same, the subjects
recorded a lower exertion vote at higher air velocities and
they registered a lower heart rate simultaneously. The mean
heart rate was about 105 beats/min, while the perceived exer-
tion vote predicted a heart rate of about 130 beats/min. This
implies that the perceived exertion vote overestimated the
heart rate during heat. Since the original perceived exertion
work by Borg was for comfort conditions it may not be accurate
to use the perceived exertion vote in heat stress conditions.
Thermal Sensation : Subjects, conditions and times were
significant. Figure 16 shows that subjects preferred higher
velocity air to be blown on them. The higher the air velocity
the cooler they felt.
Noise Vote ; Subjects alone was significant. Figure 17
shows us that air velocity has no effect on their noise vote.
The noise level ranged from 70 to 75 dBA for all the experiments.
TT 444- -!"i-
i ;
t-
I i
i
: exertkh; vQTE.rTSl::iiH: v.zwc
TL
1 ;
-
ttH
! :
:
U_ I4-U
l
±H
1
1
1
t-^
—
r
-.-
—
+i-t
l l l

4+_L-Hanj2?
Han j ra 42
Air Movement Vote ; Subjects, conditions and times were
significant as well as the subject by condition interaction.
Figure 18 shows that subjects felt that higher air velocities
were more pleasant. The "still air" condition was recorded
as "unpleasant." The higher air velocities were preferred in
this environment. Subjects also showed preference of air to
be directed from the front or side but not from the back.
See Appendix V.
Work Done ; Figure 19 shows distance pedalled in kilo-
meters in 120 minutes versus air velocity. For these two
subjects, air velocity was not a factor that determined the
distance they pedalled. The mean plot shows that the maximum
distance was pedalled in "still air" conditions. The lowest
was at 0.4 m/s air velocity.
Sweat Evaporation by Subjects ; Weight of the subjects
and weight of the clothing they wore during the experiment,
taken before and after the experiment, were used to calculate
the weight of sweat evaporated. See Table 6 and Figure 20.
Figure 20 shows maximum sweat loss occurred at 0.4 m/s
air velocity. Sweat loss was lowest at 1.6 m/s air velocity.
Comparisons of Actual Data With Computer Predictions
The experimental data was compared with the Kansas State
University computer model (Konz, Hwang, Dhiman, Duncan and
Masud, 1977).
Model Description ; The body is divided into 6 segments
(head, trunk, arms, hands, legs and feet) each of which is
subdivided into core, muscle, fat and skin for a total of 24

TTT
H
H H44-^W- wc4tVw
:
' Alp! vetIqIctw
f-4-14M
M-
ttU
wm mm
44-4
4+
«^m-
-4—1-
TT
+1
5rrguonp; gf4B
TOVV ! ' arA.t-1— 4—
P
fi^ia
THJM KIBDiBEfHERS: INi I2lQr MIN
4-W-
-rr
tit
'
'
VS
rr
Hanjra 45
TABLE 6. SWEAT EVAPORATION BY SUBJECTS
Air velocity m/s
Subject 1 Subject 2
g/h g/( h - m2 ) g/h g/( h - m2 )
Control condition 300 135 188 96
0.13 499 225 359 185
0.4 545 246 490 252
0.8 ^93 223 386 198
1.6 415 187 295 152
3-2 470 212 334 172

Han j ra h^
elements. Blood flow between the cores of the 6 segments is
through a hypothetical "central blood compartment" so there
are Zk + 1 = 25 elements in all. Periodically the program
computes a heat balance for each of the 25 elements.
The heat balance at each element is composed of heat
generation (metabolism), heat input, and heat output.
Metabolism is composed of basal metabolism and activity
metabolism. For the three interior layers (core, muscle and
fat), heat input and output are through conduction and convec-
tion (blood flow). The outer layer (skin) has, in addition,
heat exchange with the environment through evaporation, con-
vection and radiation.
As mentioned before, the key concept is the controlling
system which uses temperature of each of these 25 elements as
input to modify sweat rate on the skin, blood flow rate in
the skin layer, and heat production rate (shivering) in the
muscle layer.
Experimental information used for the computer simulation
is given in Appendix VII. The simulation was plotted only for
subject 1 at 0.8 m/s.
The following comparisons were made:
1. Rectal temperature
2. Head temperature
3. Trunk temperature
^. Arm temperature
5« Leg temperature
6. Sweat rate
Hanjra i±Q
7- Heart rate
8. Comfort votes.
The experimental values and computer predictions are
listed for the above 8 comparisons in Tables 7 to 21.
Rectal Temperature ; Plots for experimental values and
computer calculations for the rectal temperature for subject
1 are shown in Figure 21 and Table 7. Computer values are
lower than the experimental readings at 0.8 m/s. The experi-
mental data shows a gradual rise to the stabilizing tempera-
ture. The computer value drops suddenly initially and makes
a steeper rise to the stabilizing temperature. The computer
data for the control condition is 0.5 C lower on the average
as compared to the experimental data.
Head Temperature ; Figure 22 and Table 9 show that the
experimental (neck) data for the control condition first over-
shoots and then decreases while the computer (head) value,
after a slight fall, gradually rises until it crosses the
experimental value after 100 minutes of simulation. The exper-
imental data for 0.8 m/s first falls rapidly and gradually
reaches a stable value after 80 minutes of experimentation.
The computer values for this condition slowly ascend and then
slowly fall, but are always higher than the experimental temper-
atures.
Trunk Temperature ; Figure 23 and Table 11 give the data.
Experimental data (av. of chest + back) for both the control
condition and 0.8 m/s first rise steeply and then gradually
fall to a steady state temperature of 3^.5 C. The control con-
dition computer values are lower than the experimental data
throughout the simulation.
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The computer temperature slowly rises throughout the simula-
tion. At 0.8 m/s the computer values slowly rise and then
gradually fall. Note that trunk temperature for experimental
data is the mean of the chest and "back temperature.
Arm Temperature ; The experimental data is considerably
higher than the computer values, see Figure 2k and Table 13
•
This is because the subject's arms were doing work and conse-
quently were at a higher temperature. The figure shows us that
the final temperature of the experimental data for both control
and 0.8 m/s conditions is quite high. The computer values are
low because the computer model assumes the work to be done
with the legs, i.e., the pedalling of the ergometer is done
with legs.
Leg Temperature : Figure 25 and Table 15 show the differ-
ences in computer model temperature and experimental values.
The experimental leg temperature plotted is the mean of the
left leg and right leg temperatures.
Sweat Rate : Cumulative losses in 120 minutes through
respiration and sweating, in grams of water for both subjects,
for all conditions as compared with the computer predictions
are shown in Table 17. Figure 26 shows us that, from experi-
mental data, maximum sweat losses occur at O.k m/s air veloc-
ity and subjects sweat the least at 1.6 m/s air velocity.
Subject 1 sweated more than subject 2. The computer simula-
tion shows that subject 2 sweated more than subject 1. Both
cases register a gradual drop in sweat losses as air velocity
increases from 0.13 m/s to 3 . 2 m/s. The computer prediction
is only about 50% of the experimental values.
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TABLE 17. CUMULATIVE LOSSES IN 120 MINUTES THROUGH
RESPIRATION AND SWEATING, IN GRAMS OF WATER
Air velocity; m/s
Subj ect 1 Subj ect 2
Exp Computer Exp
376
Computer
Control conditions 600 110 136
0.13 998 293 718 336
0.4 1090 288 980 332
0.8 986 283 772 327
1.6 830 278 590 321
3.2 940 274 668 315
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Heart Rates ; Tables 18 and 19 show us the comparison
between actual heart rates and computer predictions. Figure
27 shows that the actual heart rates of subject 1 are consid-
erably higher than the computer predictions, especially for
the 0.8 m/s condition. Figure 28 shows that experimental
data for the control condition falls below the computer prediction
while the experimental data for the 0.8 m/s condition. is higher
than the computer values. The actual increase from control
to heat conditions was about 30 b/min for both subjects,
whereas for the computer this was only 10 b/min.
Comfort Votes : Tables 20 and 21 show us the comparison
between actual thermal sensation votes recorded by the two
subjects during the experiment and the computer comfort pre-
dictions. The subjects actually feel much warmer than the
computer prediction. The computer comfort vote is similar to
the thermal sensation vote, a nine point scale ranging from
very cold to very hot. See Appendix IV. The low computer
prediction is a result of the low computer predicted sweat
rate.
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CONCLUSIONS
1. From the preceding analysis, in the given environ-
mental conditions of 32 C DBT and 2k. 5 WBT with 55 % rh, air
velocity had no effect on the work output in 120 minutes by
the two subjects.
2. Both subjects not only performed better in terms of
distance pedalled in 120 minutes under "still air" conditions,
but also recorded lower skin temperatures as compared to low
air velocity conditions of 0.4 m/s and 0.8 m/s. High air
velocities of 1.6 m/s and 3.2 m/s better maintained low skin
temperature.
3- Both subjects recorded lower rectal temperatures at
higher air velocities.
k. Both subjects registered lov/er heart rates at higher
air velocities.
5. Both subjects sweated less at higher air velocities
of 1.6 m/s and 3-2 m/s.
6. Both subjects preferred the highest air velocity of
3.2 m/s as being "pleasant" and "cooler" on the air movement
and thermal sensation voting scales. Air velocity had no
effect on their exertion vote or noise vote.
7. Subjects preferred air to be directed from the front
or side, but not from the back.
8. a. Computer predictions were quite accurate for rec-
tal temperatures.
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b. Head and trunk temperatures showed that experi-
mental data reached stable temperature in 55 minutes, while
the computer took 120 minutes.
c. Leg and arm temperatures differed due to the actual
pedalling with the arms, while the computer model assumed leg
pedalling.
d. The computer predicted lower sweat losses as
against actual data and needs an upward revision.
e. Comfort vote comparisons show that computer votes
recorded were much "cooler" as against actual votes and need
revision. This is related to the inadequate sweat rate.
f
.
Heart rate recorded "by the computer was quite
different from the actual data collected for both subjects.
Hanjra 76
REFERENCES
1. Azer, N. Z., McNall, P. E. , and Leung, H. C. Physiologi-
cal effects of localized ventilation. Journal of
Applied Psysiology
.
Vol. 31, No. 5. 669-67^, 1971.
2. Borg, G. Physical performance and perceived exertion.
Ergonomics
.
Vol. 15, 5^5-55^, 1972.
3. Fanger.F.O. Comfort at workplaces "by spot cooling.
Technical report, University of Denmark. Presented
at the XIV International contress of refrigeration,
Moscow, 1975.
if. Fanger, P., Angelius, 0., and Kjerulf-Jensen, P. Radia-
tion data for the human body. ASHRAE Transactions ,
paper 2168, part I, 1970.
5. Konz, S. A. Work Design . Columbus, Ohio: Grid, 1-17,
1978.
6. Konz, S. A. Work Environments . Columbus, Ohio: Grid,
13.1-13.2, 1977.
7. Konz, S. A. and Hwang, C. L. Engineering models of the
human thermoregulatory system. IEEE Transactions
on Biomedical Engineering
. Vol. BME-24, No. k, 309-
310, 1977.
8. Konz, S. A., Hwang, C. L. , Dhiman, B. , Duncan, J., and
Masud, A. An experimental validation of mathemati-
cal simulation of human thermoregulation. Computers
in Biology and Medicine
. Vol. 7, No. 1, 71-82, 1977.
Hanjra 77
9. Konz, S. A., Hwang, C, Perkins, R. , and Borell, S. Per-
sonal cooling with dry ice. American Industrial
Hygene Association Journal . Vol. 35, No. 3, 137-1*17,
1974.
10. Mitchell, D., Strydom, N. B. , Graan, C. H. , and Van Der
Walt, W. H. Human surface area: Comparison of the
DuBois formula with direct photometric measurement.
Pflugers Arch . 325, 188-190, 1971.
11. Mitchell, D. and Whillier, A. Cooling power of under-
ground environments. Journal of the South African
Institute of Mining and Metallurgy
. 93-100, 1971.
12. Mitchell, D. , Wyndham, C. H. , and Hemp, R. Heat stress
underground and the rationalization of ventilation.
Research report No. 6/71. Chamber of Mines of South
Africa, 1-7, 1971.
13. Rohles, F. H. The measurement and prediction of thermal
comfort. ASHRAE Transactions
. Part II, Vol. 80, No.
2309, RP-118, 1974.
Ik. Rohles, F. H.
,
Woods, J. E. , and Nevins, R. G. The effects
of air movement and temperature on the thermal sensa-
tions of sedentary man. ASHRAE Transactions
. Part I,
Vol. 80, No. 2298, 1974.
15. Stolwijk, J. A. J., Gagge, A. P., and Nishi, Y. The pre-
diction of thermal comfort when thermal equilibrium
is maintained by sweating. ASHRAE Transactions
. No.
2116, 1-8, 1969.
Hanjra 78
Appendix I
WRITTEN INSTRUCTIONS
Stand behind the cycle. Pedal the bicycle with your
hands at a steady rate of 20 km/hr as indicated on the tachom-
eter. You may use both hands or one hand for pedalling. You
are required to pedal at this steady rate for 120 minutes.
No rest period has been scheduled. You may rest as and when
you so desire, but you should not sit down during the rest
period. The time you pedal is regarded as "work" time. The
time you rest is regarded as "idle" time. You will be paid
for the "work" done at a rate of $5.00 for every 3,000 revo-
lutions.
Record your comfort rate on the given comfort scales
every 30 minutes. Also record your perceived exertion rate
on the exertion scale every 30 minutes.
You cannot eat or drink anything during the 120 minute
test period.
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Appendix II
"Cooling with fans in hot and humid
working environments."
SUBJECT CONSENT FORM
I, the undersigned, realize that in this experiment I am
required to work continuously for 120 minutes, pedalling a
bicycle with my hands at 50 revolutions per minute.
I am aware of the discomfort that I may have to endure
due to the environment temperature of 32 C. I realize that
I can rest at any time during the experiment or can discon-
tinue my participation in this study at any time.
I further understand that all the data is. confidential
and I -agree to allow publication of any or all of the data
collected if presented in a coded form.
Signature
Date
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Appendix III
Sequence of air velocities used for the experiment
Session number
Subject
air veloci
m/s
1
ty,
Subject 2
air velocity,
m/s
1 0.13 0.8
2 1.6 0.4
3 Control 1.6
4 0.8 Control
5 3-2 3-2
6 0.4 0.13
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Appendix IV
a. Exertion Scale
Vote No: Test No:
Name and No :
Circle the number beside the adjective that describes how you
feel you are working.
6
7 very very light
3
9 very light
10
11 fairly light
12
13 somewhat hard
14
15 hard
16
17 very hard
18
19 very very hard
20
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b. Noise Scale
Vote No: Test No
Name and No
:
Circle the number beside the adjective that describes the noise
level.
7 very noisy
6 noisy
5 slightly noisy
k neutral
3 somewhat quiet
2 quiet
1 very quiet
c. Air Movement Vote
Vote No: Test No:
Name and No
:
Circle the number beside the adjective that describes how you
feel.
7 very pleasant
6 pleasant
5 slightly pleasant
^ neutral
3 slightly unpleasant
2 unpleasant
1 very unpleasant
Hanj ra
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d. Thermal Sensation Vote
Vote No
:
Test No:
Name and No
:
Circle the number "beside the adjective that describes how you
feel.
9 very hot
8 hot
7 warm
6 slightly warm
5 neutral
k slightly cool
3 cool
2 cold
1 very cold
e. Computer comfort vote scale
greater than +3
.
5
+2.5 to +3.5
+1.5 to +2.5
+0.5 to +1.5
+0.5 to -0.5
-0.5 to -1.5
-1.5 to -2.5
-2.5 to -3.5
less than -3^5
very hot
hot
warm
slightly warm
neutral
slightly cool
cool
cold
very cold
Hanjra
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AIR MOVEMENT VOTES - DIRECTION OF AIR
Subject 1
Air velocity
m/s Vote
]
Side
Direction of
45° Back
unpleasant
air
45° Front
0.4 air
movement unpleasant unpleasant
thermal
.
sensation hot hot hot
' 0.8 air
movement unpleasant unpleasant unpleasant
thermal
sensation warm hot hot
1.6 air
movement neutral unpleasant neutral
thermal
sensation
slightly
warm
slightly
warm
slightly
warm
3.2 air
movement
thermal
sensation
Not studied
Subject 2
0.4 air
movement neutral
slightly
unpleasant neutral
thermal
sensation warm hot warm
0.8 air
movement neutral
slightly
unpleasant neutral
thermal
sensation warm hot warm
1.6 air
movement
slightly
pleasant neutral
slightly
pleasant
thermal
sensation
slightly
warm warm warm
3.2 air
movement pleasant
slightly
pleasant pleasant
thermal
sensation
slightly
warm warm
slightly
warm
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Appendix VII
INFORMATION USED FOR COMPUTER SIMULATION
Subject 1 Subject 2
Sex (male =1) 1. 1.
Age, yr 23- 21.
Weight, kg 89.^-0 75-00
Height, cm I83. I67.6O
TBFYM, % fat 13.8 5-
Fitness 3- 2.
Acclimitization,
°fo 0.00 0.00
Environment, heat stress cond itions
Barometric pressure 7^o. 7^0.
DBT 32.2 32.2
TRV, radiant temperature 32.2 32.2
W, air velocity a. 0.13 0.13
b. O.i)- o.k
c. 0.8 0.8
d. 1.6 1.6
e. 3-2 3.2
RHV, relative humidity 0.55 O.55
Environment, control
Barometric pressure 7^0. 7^0.
DBT 25.0 25.0
TRV, radiant temperature 25.0 25.0
VV, air velocity 0.13 0.13
RHV, relative humidity 0.55 0.55
Task
WORKV, total metabolic rate
first 10 min (not plotted) 085. 085.
next 120 min 190. 190.
Clothing
head • 0.0 0.0
torso 0.23 0.23
arms 0.0 0.0
hands 0.1 0.1
legs 0.12 0.12
feet 0.1 0.1
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Abstract
In hot and humid working conditions where it is economi-
cally not feasible to control the environmental temperature
by air conditioning, fan cooling can be used. The
air velocity required to maximize heat dissipation was deter-
mined analytically and experimentally. Air from a fan was
directed on the subjects from the side. Air velocities used
were 0.13, 0.^, 0.8, 1.6 and 3«2 m/s with the dry bulb temper-
ature at 32 C, wet bulb temperature of 2~. 5 C, and 55 % rh.
The mean radiant temperature was the same as dry bulb temper-
ature; vapor pressure was 19 mm Hg. Two -standing subjects
worked continuously for 120 minutes, pedaling with their hands
an ergometer placed on a table; it maintained their total meta-
bolism at 190 W. Skin and rectal temperatures, heart raxe,
sweat rates, comfort votes and thermal sensations were record-
ed. Air velocity had no effect on the work output in 120
minutes by the two subjects. Higher air velocities of 1.6 and
3.2 m/s maintained lower skin temperatures, lower rectal tem-
peratures and heart rates, the subjects sweated less and con-
sidered it "cooler" and more "pleasant."
